tein CEACAM1 is a hallmark feature of breast cancer. In a threedimensional culture model, transfection of CEACAM1 into MCF7 breast cells can restore lumen formation by an unknown mechanism. ID4, a transcriptional regulator lacking a DNA binding domain, is highly up-regulated in CEACAM1-transfected MCF7 cells, and when down-regulated with RNAi, abrogates lumen formation. Conversely, when MCF7 cells, which fail to form lumena in a three-dimensional culture, are transfected with ID4, lumen formation is restored, demonstrating that ID4 may substitute for CEACAM1. After showing the ID4 promoter is hypermethylated in MCF7 cells but hypomethylated in MCF/ CEACAM1 cells, ID4 expression was induced in MCF7 cells by agents affecting chromatin remodeling and methylation. Mechanistically, CaMK2D was up-regulated in CEACAM1-transfected cells, effecting phosphorylation of HDAC4 and its sequestration in the cytoplasm by the adaptor protein 14-3-3. CaMK2D also phosphorylates CEACAM1 on its cytoplasmic domain and mutation of these phosphorylation sites abrogates lumen formation. Thus, CEACAM1 is able to maintain the active transcription of ID4 by an epigenetic mechanism involving HDAC4 and CaMK2D, and the same kinase enables lumen formation by CEACAM1. Because ID4 can replace CEACAM1 in parental MCF7 cells, it must act downstream from CEACAM1 by inhibiting the activity of other transcription factors that would otherwise prevent lumen formation. This overall mechanism may be operative in other cancers, such as colon and prostate, where the down-regulation of CEACAM1 is observed. 2 The abbreviations used are: ID4, inhibitor of differentiation 4; bHLH, basic helix-loop-helix; miRNA, micro-RNA; DA, double alanine; DAC, 5-aza-2Јdeoxycytidine; TSA, trichostatin A; IP, immunoprecipitation; qPCR, quantitative PCR; HDAC, histone deacetylase; DNMT, DNA methytransferase; MSP, methylation-specific PCR.
Lumen formation, a central feature of mammary morphogenesis, is lost during mammary tumorigenesis, starting with filling in the lumen with cancer cells in ductal carcinoma in situ (1) and becoming more evident in invasive solid tumors (2) . Identification of the molecules that change during this process and the underlying mechanisms causing these changes are major goals of breast cancer research. Among the many molecules identified so far, CEACAM1 stands out as a luminal expressed protein that is rapidly down-regulated in both ductal carcinoma in situ (3) and invasive breast cancer (2) . Not surprisingly, luminal expression of CEACAM1 occurs throughout ductal tissues such as the liver, digestive and urogenital tract, and prostate, and its loss upon malignant transformation is one of the earliest events observed (4) . To study its role in lumen formation, we originally placed MCF10F, a cell line that expresses CEACAM1, in a three-dimensional culture system pioneered by Bissell and co-workers (5) , and observed lumen formation with CEACAM1 at the luminal surface (3) . When its expression was blocked by antisense, anti-CEACAM1 antibody, or peptides derived from the N terminus of CEACAM1, lumen formation was abrogated, demonstrating that its expression played a central role in the complex process of lumenogenesis (3) . As a next step, we demonstrated that MCF7 breast cancer cells that fail to express CEACAM1 or form a lumen in the three-dimensional culture, regain this property when transfected with CEACAM1 (6) . Although these experiments demonstrated a role for CEACAM1 in lumenogenesis, they did not reveal the underlying mechanism.
As a next step in identifying factors downstream from CEACAM1 in lumenogenesis, we identified key residues in the short cytoplasmic domain isoform (CEACAM1-SF), the predominant isoform in breast that comprised a short stretch of 12 amino acids (7) . Because CEACAM1 can be expressed as multiple isoforms, depending on its tissue of origin, we refer to the cytoplasmic isoform expressed exclusively in the mammary gland as the short form, or CEACAM1-SF (referring only to the cytoplasmic domain). Once we demonstrated that a key threonine residue (Thr-457) and a back-up serine (Ser-459) were phosphorylated during lumen formation, and null mutations in these two residues blocked lumen formation (7) , we performed gene chip experiments to determine which genes changed between MCF7 cells transfected with wild type CEACAM1-SF (SW cells) and those transfected with the double alanine null mutants (DA cells). Not surprisingly, over 300 genes were either up-or down-regulated (8) , indicating that lumenogenesis is a complex process. Nonetheless, we asked if transfection of parental MCF7 with any of the up-regulated genes could substitute for the action of CEACAM1, demonstrating that they were directly involved in the lumenogenesis pathway downstream of CEACAM1.
Among the many genes identified, ID4, a transcriptional regulator, stood out as a candidate that could affect the transcription of a large number of genes by an inhibitory mechanism. ID4 2 , known as inhibitor of differentiation 4 (9) , is a member of a gene family including ID1-4, all of which resemble basic helix-loop-helix (bHLH) transcription factors, but lack a DNA binding domain, thus suggesting their activity is based on a dominant-negative effect where they form inactivating heterodimers with functional bHLH transcription factors (9) . Strikingly, ID1-3 have ascribed oncogenic properties, although ID4 is a putative tumor suppressor gene, due to inhibition of bHLH transcription factors, and perhaps due to its formation of heterodimers with ID1-3 (10) . Moreover, ID4 has been shown to play an important role in breast, prostate, and colon (9) cancers, all tissues that show high CEACAM1 expression in normal and low expression in malignant tissue. On the other hand, ID4 is expressed in a subset of mammary basal cells as a marker of stemness, acting upstream of Notch signaling (11) . In the study by Junankar et al. (11) , up-regulation of ID4 was detected in one-half of triple negative breast cancers where its inhibition by RNAi halted cell division. ID4 is also highly expressed in glioblastoma multiforme promoting angiogenesis by regulating high levels of the matrix protein GLA (12) . Because ID4 acts as an inhibitory regulator, the role of ID4 in cancer may depend on whether transcription or epigenetic factors are associated with inhibitory or activating programs.
We now show that ID4 is both necessary and sufficient for lumen formation in the three-dimensional model for lumenogenesis, that is, when parental MCF7 cells that express low levels of ID4 are transfected with ID4, they form a lumen, and when MCF7 cells transfected with CEACAM1 that express high levels of ID4 are transfected with RNAi to ID4, they fail to form a lumen. The ID4 gene that is frequently silenced by hypermethylation (13, 14) is indeed hypermethylated in parental MCF7 cells, suggesting that this silencing affects lumen formation, a critical pathway in maintaining the normal differentiated state of mammary epithelial cells. The fact that introduction of CEACAM1 into MCF7 cells that have lost the ability to express CEACAM1, restores ID4 expression suggests a direct link between CEACAM1 expression and relief of the gene silencing of ID4. In the studies that follow, we demonstrate that CEACAM1 can affect chromatin remodeling through cytoplasmic sequestration of HDAC4, a histone deacetylase, which in the nucleus, can maintain chromatin in a condensed state, effecting gene silencing. In our accompanying article (50), we show that a micro-RNA, miR-342, plays a role in the regulation of both ID4 and DNMT1 expression levels, further implicating ID4 gene activity as a major player in maintain the differentiated state of mammary epithelial cells.
Results

ID4 Expression Is Up-regulated by CEACAM1-SF and Is Both
Necessary and Essential for Lumen Formation-As previously reported, CEACAM1-SF restored lumen formation to MCF7 cells grown in a three-dimensional culture, whereas a function-ally null, phosphorylation site mutant in the cytoplasmic domain of CEACAM1-SF failed to form lumena (7) . A gene chip analysis comparing gene expression of CEACAM1-wild type (SW) transfected MCF7 cells and the functionally null, double alanine mutant (DA) MCF7 cells, indicated among other genes, that the ID4 gene was up-regulated by a log2 of 6.7-fold (8) . ID4 was selected for further analysis because it was the only transcription regulator identified in the top 100 genes up-regulated in this analysis. We hypothesized that CEACAM1-SF must play a role in the regulation of ID4, and that in turn, ID4 must play a role in regulating genes critical for lumen formation. To test these hypotheses, we first validated its up-regulation by qPCR analysis of RNA isolated from MCF7 cells that were transfected with empty vector (V), CEACAM1-SF wild type cells (SW), and the phosphorylation site, double alanine mutant cells (DA) grown for 0, 2, 4, and 6 days in a three-dimensional culture. At each time point, ID4 expression was 100-fold higher in the presence of the wild type CEACAM1 compared with the vector and DA-transfected cells ( Fig. 1A) .
We next tested the hypothesis that ID4 up-regulation played a role in reversing the malignant status of MCF7 cells. The first experiment examined its role in CEACAM1-SF transfected MCF7 (SW) cells using RNAi oligos to inhibit ID4 expression. At day 4 in a three-dimensional culture, ID4 expression was reduced to 75, 50, or 25% by the three different ID4 RNAi oligos, when compared with the controls (Fig. 1B) . The second experiment examined the role of ID4 in the parental MCF7 cells lacking ID4. When these cells were transfected with ID4, high level expression of ID4 was achieved (Fig. 1C ). The corresponding protein levels of ID4 in the SW cells treated with RNAi for ID4 or the parental MCF7 cells transfected with ID4 are shown in Fig. 1D . Transfer of these cells to a three-dimensional culture and examination for lumen formation revealed inhibition of lumen for SW cells treated with RNAi for ID4 and induction of lumen formation in parental MCF7 cells transfected with ID4 ( Fig. 1 , E and F). Representative fields of acini are shown for the untreated SW cells and those treated with ID4 RNAi (Fig. 1E , left panel) and for parental MCF7 cells transfected with ID4 ( Fig. 1E , right panel). When percentages of SW acini that possessed the central lumen were counted for over 300 acini, we observed 88% for the untreated, 77% for the scrambled RNAi control, and significantly lower for all three ID4 RNAi oligos ( Fig. 1F, left panel) . Similarly, when percentages of parental MCF7 acini with central lumen were counted, we observed 5% for vector-transfected controls and 85% for ID4-transfected cells ( Fig. 1F, right panel) . These data indicate that the action of CEACAM1 on lumenogenesis is inhibited by blocking ID4 expression in SW cells, and that overexpression of ID4 alone in parental MCF7 cells was sufficient to mimic the action of CEACAM1-SF in reverting malignant MCF7 cells to a normal phenotype. Considering these lines of evidence, we conclude that ID4 is both necessary and sufficient for lumen formation in this model system.
ID4 Gene Hyper-methylation and Silencing Can Be Reversed by Re-introduction of CEACAM1-SF into MCF7 Cells-Based on its down-regulation in many types of cancers, ID4 has been proposed to play a role as a tumor suppressor gene (9) . In this regard, whereas normal breast cells express both CEACAM1 and ID4, breast cancer cells fail to express either. Thus, it was important to determine why the apparent re-introduction of CEACAM1 into a breast cancer cell line like MCF7 led to ID4 up-regulation. In addition, this knowledge may shed light on understanding how ID4 is down-regulated during tumorigenesis. Because ID4 gene silencing by hyper-methylation has been widely reported (13) , it was likely that the same situation exists in MCF7 cells. To test this idea, parental MCF7 cells were treated with a combination of 5-aza-2Ј-deoxycytidine (DAC), a DNMT inhibitor, and trichostatin A (TSA), a histone deacetylase inhibitor to effect global chromatin re-modeling and demethylation. MCF7 cells transfected with empty vector (V) or CEACAM1-SF wild type (SW) cells were treated with DAC for 3 days and TSA on day 3 before RNA was harvested for qPCR analysis for ID4 expression. Using the ratio of V levels over SW levels, ID4 expression increased from 20% for the untreated to 70% for the DAC/TSA-treated cells ( Fig. 2A ). This striking increase suggested that the promoter of ID4 in MCF7 cells was functionally hypermethylated and that the gene could be reactivated by the combined treatment of DAC and TSA. When MSP analysis was performed on the ID4 promoter of MCF7 cells freshly transfected with empty vector (V) or CEACAM1-SF wild type (SW) cells, promoter methylation was reduced to 60% over the course of 3 days ( Fig. 2B ), followed by a 140% increase in ID4 expression over 7 days (Fig. 2C ).
As previously noted, the proximal promoter of the ID4 gene has a CpG island that is hypermethylated in gastric cancer (15). FIGURE 1. Role of ID4 in lumen formation. A, MCF7 cells transfected with empty vector (V), CEACAM1-SF wild type (SW), or CEACAM1 phosphorylation site mutant (DA) cells were grown in a three-dimensional culture for 0 -6 days, and ID4 expression was analyzed by qPCR. B, SW cells were treated with 3 RNAi oligos to ID4, as well as no RNAi (none) or Lipofectamine (Lipo), or a low GC RNAi control (Ctrl) and the expression levels of ID4 were measured by qPCR. C, parental MCF7 cells were transfected with empty vector (V) or ID4 and the expression levels of ID4 measured by qPCR. D, left, immunoblot analysis of ID4 levels in SW cells untransfected (UT), Lipofectamine controls (lipo), or transfected with 3 different RNAi oligos to ID4. Right, immunoblot analysis of ID4 levels in parental MCF7 cells transfected with vector control (V) or ID4 plasmid. Equal protein amounts (50 g) were loaded onto each lane, the gels were scanned and the lanes compared with a maximum signal as 1.00. Actin is shown as a loading control only. E, left, a representative view of SW cells Ϯ treatment with RNAi to ID4 grown in a three-dimensional culture for 4 days. E, right, vector or ID4-transfected MCF7 cells grown in a three-dimensional culture. Insets show a magnified view of representative acini. F, quantitation of lumen formation for SW cells treated with RNAi or vector control parental cells compared with MCF7 cells transfected with ID4 (*, p Ͻ 0.05, ***, p Ͻ 0.001).
Using reduced representation bisulfite sequence analysis, we found hypermethylation of the ID4 promoter in vector control MCF7 cells and hypomethylation in CEACAM1-transfected MCF7 cells ( Fig. 3 ). Two CpG-rich regions in the promoter were identified, with hypomethylation at Ϫ655 to Ϫ565 from the transcription start site in the CEACAM1-transfected MCF7 cells. This site may be associated with a new regulatory region worth further investigation. Overall, we have strong evidence that CEACAM1 can in some way trigger reactivation of the hypermethylated ID4 promoter, prompting us to investigate the mechanism of this epigenetic regulation.
HDAC4 Is Involved in Chromatin Re-modeling of ID4 Promoter-Although the ID4 gene has been reported to be downregulated in at least 13 different types of cancer by hypermethylation (9), the underlying trigger for its hypermethylation has yet to be identified. Thus, it was intriguing to discover that CEACAM1-SF can trigger this epigenetic change in a gene critical for normal differentiation. A further clue was provided by the recent observation that, in addition to CpG methylation of the ID4 gene, there were increased levels of H3K27me3 histone methylation at the ID4 promoter in prostate cancer cells (13) .
When we examined our gene chip data for changes in chromatin remodeling genes, most of those identified, including DMPA1, HDAC2, HDAC3, HDAC8, and HAT1, fell below the level of significant change, suggesting that changes in their expression per se were not responsible for the observed re-activation of the ID4 gene. However, immunoblot analysis of HDACs 1, 2, 4, 6, and 8 showed a dramatic decrease in the cytoplasmic expression for HDAC4 in SW compared with vector-transfected cells (Fig. 4A ). Nevertheless, this analysis did not produce an obvious change in the nuclear levels of HDAC4. To further examine this issue, chromatin immunoprecipitation (ChIP) analysis on the ID4 promoter was performed for HDAC4 and Ϫ6. The results indicate less binding of HDAC4 and -6 to the ID4 promoter of CEACAM1 (SW) compared with vector-transfected cells (Fig. 4B ). Thus, these results support the idea that less HDAC4 or -6 binding at the ID4 promoter could lead to less de-acetylation at this locus, hence less methylation. Although both HDAC4 and HDAC6 were candidates for further analysis, our attention turned to HDAC4, because it is a reported substrate for CaMK2 (16) . Since we have previously shown that CaMK2D is up-regulated during CEACAM1-SF-mediated lumen formation and plays an essential role in the phosphorylation of the critical Thr-457 in the cytoplasmic domain of CEACAM1-SF (17), we hypothesized that it may play a dual role in the action of CEACAM1-SF by also causing it to phosphorylate HDAC4. It has been reported that upon phosphorylation, HDAC4 can be sequestered in the cytoplasm or exported from the nucleus by the adaptor 14-3-3 (18, 19) , possibly resulting in less DNMT1 recruited to a given promoter. When we examined the possibility that more HDAC4 phosphorylation occurs in CEACAM1-SF-transfected MCF7 SW compared with V cells, we found that this is indeed the case (Fig. 4C ). When HDAC4 was knocked down by RNAi, protein levels of ID4 in SW cells were relatively unaffected ( Fig. 4D,  left) . Conversely, ID4 proteins levels were undetectable in parental MCF7 cells even after knockdown of HDAC4 by RNAi ( Fig. 4D, right) . Thus, the absolute levels of HDAC4 protein were not responsible for the regulation of ID4, instead the degree of phosphorylation was likely the key step in regulation.
Next, we asked if phosphorylated HDAC4 was sequestered by 14-3-3 in the cytoplasm and found that the two formed a complex as shown by a 14-3-3 immunoprecipitation experiment, where the complex was observed only in SW cells at day 4 in a three-dimensional culture (Fig. 5A ). In addition, because methylation of ID4 was likely caused by the activity of DNMT1, the methylase responsible for the maintenance of CpG methylation (20) , a DNMT1 ChIP analysis was performed, confirming that there was less binding to the ID4 promoter in CEACAM1 (35%) compared with the vector-transfected MCF7 cells (85%; Fig. 5B ). In addition, levels of H3K27Me 3 at the ID4 promoter of SW versus vector control cells were reduced and H3Ac were increased, indicating that the ID4 promoter was in a more accessible state (Fig. 5B ). Based on these analyses, we conclude that the phosphorylation of HDAC4 plays a key role in the gene re-activation of ID4 in SW cells.
CaMK2D Is Crucial in Modulating the Epigenetic Action of HDAC4 on ID4 -The above findings suggested the possibility that CaMK2D was the kinase responsible for phosphorylation of HDAC4 leading to chromatin remodeling at the ID4 promoter. In our previous study on the CaMK2D phosphorylation of CEACAM1-SF (17), we had blocked CaMK2 expression with RNAi inhibitors, and noted in unpublished data 3 that ID4 expression decreased in SW cells, a perplexing result that can now be explained in view of its role in HDAC4 phosphorylation. As a follow up to that observation, we show here that overexpression of CaMK2D in parental MCF7 cells resulted in a 2-fold enhanced expression of ID4 (Fig. 6A ) and inhibition of CaMK2D expression in SW cells decreases ID4 expression at least 100-fold lower compared with controls ( Fig. 6B) . When the occupancy of HDAC4 at the promoter of ID4 in SW cells was examined by ChIP analysis before and after knockdown of CaMK2D by RNAi, we found elevated levels of HDAC4 after treatment with CaMK2D RNAi (Fig. 6C ) demonstrating that HDAC4 occupancy of the ID4 promoter correlated inversely with the expression of CaMK2D. As a further proof that CaMK2D plays a key role in the epigenetic control of ID4 expression, we treated SW cells with CaMK2D RNAi oligos or a CaMK2 kinase inhibitor in a three-dimensional culture. When total cell lysates from 4-day cultures were analyzed for CaMK2D expression, HDAC4 phosphorylation, and ID4 expression, the data clearly showed a large reduction in CaMK2D expression for two of the three RNAi oligos, a significant loss of phosphorylation of HDAC4, and the expected silencing of ID4 expression for the two oligos that successfully inhibited CaMK2D expression ( Fig. 6D ). In addition, KN93, a known inhibitor of CaMK2 (21), confirmed these results by blocking the in-cell activity of the kinase leading to impaired phosphorylation of HDAC4, and ultimately, to the silencing of ID4.
Discussion
Although CEACAM1 down-regulation is an early event in tumorigenesis for a number of cancers including breast cancer (22) (23) (24) , the mechanism of down-regulation and subsequent effects are unclear. However, the observation that CEACAM1 expression is luminal in most normal tissues and correlates with lumen formation in a three-dimensional model of lumenogenesis, suggests its expression is coordinated with lumen formation, a phenotype lost in hyperplasia, ductal carcinoma in situ, and invasive tumors (25) . MCF7 cells derived from a breast tumor that fail to express CEACAM1 or form lumena in a three-dimensional culture can be reverted to a more normal phenotype whether grown in vitro in a threedimensional culture (6) or in humanized mammary fat pads in a 3 T. Nguyen and J. E. Shively, unpublished data. murine model of lumenogenesis (26) . Thus, restoration of CEACAM1 expression is able to trigger a normal tissue pathway in a breast cancer cell line in both in vitro (7) and in vivo models (26) . In addition, mutation of two residues (Thr-457 and Ser-459) to alanine (double alanine or DA mutant) in the cytoplasmic domain of the short isoform abrogated its lumen formation function (7) . Among the various up-regulated genes that were differentially expressed between the short isoform, wild type CEACAM1-transfected MCF7 cells (SW) and the double mutant, nonlumen forming CEACAM1-transfected cells (DA), ID4 was identified for further study due to its pos-tulated role as a tumor suppressor in several cancers, including breast cancer (9) . When ID4 was overexpressed in parental MCF7 cells, lumen formation was observed, whereas when ID4 expression was inhibited with RNAi in SW cells, lumen formation was inhibited, thus, confirming ID4 as a viable target for further study in lumenogenesis.
Because ID4 has the general structural motif of bHLH transcription factors, but lacks a DNA binding domain, it has been hypothesized that it functions by forming inactive heterodimers with bHLH transcription factors (9) . Although several targets of ID4 have been identified (9), including ID1-3 (10), the question arose in our study, how does CEACAM1 up-regulate ID4? The first clue to a likely mechanism involves regulation of the ID4 promoter by hypermethylation, as reported for prostate cancer (13), a cancer in which CEACAM1 is also down-regulated (27, 28) . When we examined the methylation status of the ID4 promoter in parental MCF7 cells, it was highly methylated, whereas hypomethylation was observed in CEACAM1-transfected SW cells. Thus, the next question was how can CEACAM1 change the methylation status of a critical gene?
To address this question we examined the role of HDACs, enzymes that de-acetylate histones at critical promoters destined for inactivation by methylation. Treatment of parental MCF7 cells sequentially with an DNMT inhibitor, followed by a HDAC inhibitor, led to both hypomethylation of the ID4 promoter and expression of ID4. However, because this approach The bottom lane shows levels of 14-3-3. Boxed are the dramatic reduction of cytoplasmic levels of HDAC4 in SW cells. Equal amounts of protein (50 g) from cell lysates were loaded on each lane (no quantitation performed). Lamin A/C was blotted for cytoplasmic and nuclear fractions as a fractionation control. B, chromatin IP analysis of the ID4 promoter for HDAC4 and HDAC6 in vector (V) versus CEACAM1 (SW)-transfected MCF7 cells (average of 3 measurements). Normalization was taken into account for differences in DNA input. C, phospho-HDAC4 levels of vector versus CEACAM1 (SW) MCF7 cells grown for the indicated number of days in a three-dimensional culture. D, HDAC4 and ID4 protein levels in SW or vector control (V) cells, untreated (UT), or treated with Lipofectamine (Lipo), RNAi control (Ctrl), or RNAi to HDAC4. Bottom panel shows quantitation of ID4 for each of the treatments. Equal protein amounts (50 g) from protein lysates were loaded on each lane. The immunoblots for ID4 were scanned and compared relative to untreated sample.
FIGURE 5. Analysis of 14-3-3 and HDAC4 protein interaction on MCF7 versus SW cells and chromatin IP analysis for DNMT1, H3K27Me 3 , and HAc at
the ID4 promoter. A, 14-3-3 was immunoprecipitated (IP) from vector (V) versus CEACAM1 (SW)-transfected cells grown in three-dimension for 2 or 4 days and immunoblotted (IB) for phospho-HDAC4, HDAC4, and 14-3-3. B, chromatin IP for DNMT1, H3K27Me 3 , and H3ac were performed at the ID4 promoter for vector (V) versus CEACAM1 (SW)-transfected cells, and the relative enrichment was reported (average of three measurements). Normalization was taken into account for differences in DNA input.
has global effects and bypasses the natural mechanism of chromatin remodeling, it was important to determine the status of HDACs in MCF7 cells before and after transfection with CEACAM1. In other studies it has been shown that phosphorylation of HDACs and retention in the cytoplasm by binding to the adaptor protein 14-3-3 is able to effect specific gene activa-tion via chromatin remodeling (19) . When this analysis was performed on MCF7 cells before and after transfection with CEACAM1, cytoplasmic levels of HDAC4 and HDAC6 appeared to change the most, including the levels of phospho-HDAC4. Furthermore, immunoprecipitation (IP) of 14-3-3 revealed the presence of phospho-HDAC4 in the IPs of CEACAM1 transfected, but not parental MCF7 cells. Accordingly, the presence of DNMT1 at the ID4 promoter by ChIP analysis was significantly higher for parental versus CEACAM1-transfected cells. In addition, a histone methylation mark (H3K27Me 3 ) for closed chromatin was reduced, whereas an acetylated histone mark (H3Ac) for open chromatin was increased at the promoter of ID4 in SW versus vector control cells. Thus it appears that CEACAM1 can effect chromatin remodeling at the ID4 promoter by retention of phospho-HDAC4 in the cytoplasm.
At this point, we were interested in identifying the critical kinase that phosphorylates HDAC4 for which several literature candidates were possibilities, including CaMK2 (19) . Although many CaMK2 genes are widely expressed in a tissue-specific manner (29) , the CaMK2D gene immediately caught our attention, because we had previously shown that CEACAM1-transfected cells specifically expressed CaMK2D during lumen formation (17) and that CaMK2D was associated with induction of apoptosis in ischemic cardiomyocytes (30) . Notably, apoptosis is a central feature of lumen formation (6) . Importantly, we had shown that the critical Thr-457 residue in the cytoplasmic tail of CEACAM1 was specifically phosphorylated by CaMK2D, and this phosphorylation was required for lumen formation (17) . Thus, it was straightforward to inhibit this enzyme by either the drug KN93 or RNAi, both of which reduced both phospho-HDAC4 and ID4 protein levels in CEACAM1-transfected cells.
Based on these studies, we can outline a general mechanism for participation of CEACAM1 in the epigenetic activation of ID4 expression involving cross-phosphorylation of CEACAM1 and HDAC4 by CaMK2D, followed by sequestration of phospho-HDAC4 in the cytoplasm by 14-3-3 ( Fig. 7) . Subsequent steps likely include repression of DNMT1 by ID4, maintaining hypomethylation at the ID4 promoter. Because phosphorylated CEACAM1 recruits actin (31) , and CaMK2D actively bundles actin (32) , we speculate that changes in the cytoskeleton are responsible for binding 14-3-3 in the cytoplasm and maintenance of the low activity of HDAC4 at the ID4 promoter. In the case of malignant transformation, down-regulation of CEACAM1 would reverse this epigenetic remodeling, resulting in down-regulation of CaMK2D, ultimately leading to the silencing of ID4, and subsequent phenotypic changes characteristic of cancer including lack of lumen formation. In the cardiac model of hypertrophy, the retention of phospho-HDAC4 in the cytoplasm by 14-3-3 is well established (19) , supporting this aspect of our model. Although many of the players in the mechanism have been identified, several steps require further investigation. First, how does CEACAM1 induce CaMK2D? Unfortunately, regulation of the CaMK2D gene is hardly studied compared with its effects on the regulation of other genes such as Mef2 or p53 by CaMK2D in cardiac myopathy (33, 34) . Studies in the brain FIGURE 6. CaMK2D regulates the levels of ID4 expression. A, ID4 mRNA expression levels in MCF7 cells transfected with vector (V) or CaMK2D overexpression were quantified by qRT-PCR. B, ID4 mRNA expression levels were measured in CEACAM1-transfected MCF7 cells before and after treatment with RNAi oligos 1-3 to CaMK2D versus controls (untreated, Lipofectamine, medium GC RNAi control). C, ChIP analysis of ID4 promoter for HDAC4 in SW cells: untreated (UT), treated with Lipofectamine only (Lip), RNAi control oligo (Ctrl), or 3 different RNAi to CAMK2D (average of 3 measurements). Normalization was taken into account for differences in DNA input. D, protein expression levels of ID4, phospho-HDAC4, and CaMK2D were measured in CEACAM1 (SW)-transfected MCF7 cells before and after treatment with RNAi 1-3 to CaMK2D versus controls (untreated, Lipofectamine, medium GC RNAi control). The experiment was also performed on SW cells treated with CaMK2D inhibitor KN93 versus dimethyl sulfoxide or KN92 controls. Equal amounts (50 g) of protein from cell lysates were loaded on each lane, gels were scanned and the treated samples compared with the untreated samples normalized to 1.00. Actin was analyzed to demonstrate equal loading among samples.
suggest NFB may regulate or be regulated by CaMK2D (35, 36) . Second, can CEACAM1 directly interact with 14-3-3 explaining the sequestration of phosphor-HDAC4 in the cytoplasm? In earlier unpublished studies, 3 we found that such an interaction may occur. Indeed, this may be a general phenomenon because 14-3-3 can also export phosphorylated ␤-catenin from the nucleus (37) , and CEACAM1 has been shown by us to interact with ␤-catenin (38, 39) . Thus, CEACAM, together with 14-3-3 may sequester several nuclear signaling molecules in the cytoplasm. Furthermore, 14-3-3 may also be regulated by phosphorylation with kinases such as PKC␦ (40) , involving a link to our studies on PKC␦ and apoptosis induced by CEACAM1 (8) . However, in this study we did not observe CEACAM1 in the 14-3-3 IPs (data not shown), suggesting further work is necessary. Third, the transcription factor targets of ID4 were not identified in this study. Because ID2 plays an important role in mammary gland development (41, 42) , but may be oncogenic when not switched off (9), its regulation by ID4 is a real possibility. Along this line, Sharma et al. (10) have recently shown that ID4 can switch off ID1-3 inhibition by forming heterodimers, thus switching on their targets. Thus, it may be necessary to identify their targets, rather than the targets of ID4. In their study, the focus was on action of the bHLH protein E47 on the promoter of CDKNI p21 in prostate cells. Although we have no evidence that E47 and CDKNI p21 are critical regulators of lumen formation, it is likely that other targets of ID2 exist and need to be identified. Furthermore, ID4 may have direct targets including likely mammary gland candidates BRCA1 (43) and
Hes1 (44) . Specifically, ID4 was identified as a negative regulator of the BRCA1 promoter (43) , suggesting an important role in BRCA1-related breast cancer. In the case of osteoblast differentiation, ID4 has been shown to release Hes1 from Hes1-Hey2 complexes (44), a potentially exciting observation, because Hes1 has been shown to negatively regulate MCF7 (45) and T47D (46) proliferation stimulated by estrogen and E2F-1. In addition, these investigators have shown that the growth inhibitory effects of all-trans-retinoic acid on breast cells is mediated by Hes1 up-regulation (8) , and we find that Hes1 expression is up-regulated in either CEACAM1-transfected or all-trans-retinoic acid-treated MCF7 cells (46) . Thus, the sequestration of Hes1 by Hey2 may be relieved by ID4, allowing Hes1 to inhibit proliferation of MCF7 cells, a necessary step in their differentiation to lumen forming cells. There is also evidence that the expression of CEACAM1 and ID1 are inversely related in going from normal to malignant transformation in the breast (47) , possibly implicating ID4 in the regulation of both ID1 and ID2. Finally, the oncogenic role of ID4 in triple negative breast cancer (11) and promotion of angiogenesis in glioblastoma argues that expression of ID4 is not always beneficial. Because ID4 functions as an inhibitor of transcription factors, it may promote cancer by inhibiting normal genes, or inhibit cancer by inhibiting oncogenes. Thus, the identification of ID4 targets in each cancer will remain a crucial first step in predicting its role. We conclude that forced expression of CEACAM1 in breast cancer cell line MCF7 restores lumenogenesis by induction of CaMK2D, a kinase that coordinately FIGURE 7 . Proposed sequence of events in CEACAM1-mediated epigenetic activation of the ID4 promoter. MCF7 cells without CEACAM1 (left) have a silenced ID4 promoter maintained by HDAC4 and methyl-CpG (MeCpG). Transfection with CEACAM1 (middle) recruits CaM (17) to CaMK2D, which in turn, is regulated by autophosphorylation (48) . Activated CaMK2D travels to the nucleus to phosphorylate HDAC4 (16) , whereas at the same time, it triggers actin polymerization and bundling at the site of its activation in the cytoplasm (32). 14-3-3 binds phospho-HDAC4 (pHDAC4) and exports it to the cytoplasm (right) where it binds to the actin cytoskeleton (49) . The ID4 promoter histones are acetylated by histone acetyltransferase (HAT), allowing an open chromatin structure accessible to demethylases and transcription machinery (not shown). AUGUST 5, 2016 • VOLUME 291 • NUMBER 32 JOURNAL OF BIOLOGICAL CHEMISTRY 16773 phosphorylates CEACAM1 and HDAC4, which in turn, relieves the epigenetic silencing of ID4, and that this expression is sufficient to restore lumen formation.
Roles of ID4, CaMK2D, and CEACAM1 in Lumen Formation
Experimental Procedures
Materials-MCF7 (ATCC HTB-22) cells were cultured in minimal essential medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin/ampicillin. Anti-HDAC1, -2, -3, -4, -6 and pHDAC4 antibodies were from Cell Signaling Technology, Inc. (Danvers, MA). Anti-␤-actin and 14-3-3 antibodies were from GeneTex, Inc. (Irvine, CA). Anti-CaMK2 antibody was from BD Biosciences. Anti-DNMT1 antibody was from Epigentek Group Inc. (Farmingdale, NY). Anti-lamin A/C was from Cell Signaling. Anti-H3ac and anti-H3K27me3 were from Active Motif. DAC and TSA were from Sigma. CaMKII-specific inhibitor KN-93 and inactive analog KN-92 were from Calbiochem. pCMV6 plasmids for CaMK2D and ID4 were from OriGene Technologies, Inc. (Rockville, MD). Lipofectamine RNAiMAX transfecting reagent, Opti-MEM I Reduced Serum Medium, and Stealth RNAi siRNAs for CaMK2D, HDAC4, and ID4 were from Invitrogen Corp.
Cell Treatments-Cells (2 ϫ 10 5 cells/well) in a 6-well plate were treated with 0.1 M DAC on days 1-3, then treated with 300 nM TSA on day 3. Cells were harvested on days 3 or 7 for DNA and RNA extraction. Untreated cells were incubated without the addition of DAC or TSA and fresh medium was supplied on days 1, 2, and 3. Bisulfite conversion and MSP analysis were performed using the EZ DNA Methylation Lightning kit (Zymo Research, Orange, CA) according to the manufacturer's specifications. For MSP, 1 l of modified DNA was amplified using MSP primers that specifically recognize the unmethylated (forward, 5Ј-GGTAGTTGGATTTTTTGTTT-TTTAGTATT-3Ј and reverse, 5Ј-AACTATATTTATAAAA-CCATACACCCCA-3Ј) or methylated (forward, 5Ј-TAGTCG-GATTTTTCGTTTTTTAGTATC-3Ј and reverse, 5Ј-CTA-TATTTATAAAACCGTACGCCCCG-3Ј) ID4 promoter sequence after bisulfite conversion. Reaction products (15 l) were visualized after electrophoresis in 2.0% agarose gel containing SYBR Safe DNA gel stain (Invitrogen). In addition, reduced representation bisulfate sequencing on the V and SW bisulfite-modified DNA was carried out at the Integrative Genomics Core of the Beckman Research Institute of City of Hope (Duarte, CA). Transfection of cells was performed at 50% confluence in T25 flasks overnight prior to being transfected with pCMV6-Vector or CaMK2D or ID4 plasmids (Origene) using the Cell Line Nucleofector Kit V on the Nucleofector 2b Device (Lonza, Walkersville, MD). The three-dimensional Matrigel (BD Biosciences) sandwich assay has been previously described (7) . Briefly, 10 ml of culture dishes were coated with 1 ml of Matrigel and incubated at 37°C for 30 min until the Matrigel solidified, and cells (1 ϫ 10 6 ) in 10 ml of mammary epithelial basal medium plus pituitary gland extract (Lonza Group LTD., Switzerland) were added to each dish. After 3 h of incubation, the floating cells were removed and the bound cells were overlaid with 1 ml of 50% Matrigel in mammary epithelial basal medium plus pituitary gland extract. For inhibition studies, inhibitors at 1 M (KN-93 or KN-92 or dimethyl sulfoxide control, 30 l in dimethyl sulfoxide) were added to media (3 ml in a 6-well plate format) and changed every other day. For RNAi inhibition, cells were transfected with Stealth RNAi siRNA oligos using the Lipofectamine RNAiMAX-transfecting reagent (Invitrogen). Briefly, cells were split, seeded at 50% confluence in T25 flasks overnight, and washed twice with 1ϫ PBS prior to the treatment. Stealth RNAi siRNA oligos (100 nM) and transfection agent (1:100 dilution) were separately diluted in Opti-MEM I reduced serum medium, mixed, and then incubated together for 20 min before addition to the cells. After 6 h, without removing the transfection solution, cells were added back to minimal essential medium with 10% fetal bovine serum overnight, harvested, and transferred to Matrigel. After 6 days of incubation, lumen formation was scored under an inverted light microscope. Statistical analysis was performed using Fisher's exact test.
Chromatin Immunoprecipitation-The ChIP Assay Kit from EMD Millipore was used as per the manufacturer's specifications. Briefly, MCF7 (V and SW) cells (1 ϫ 10 6 ) were crosslinked with 1% formaldehyde (Sigma) for 10 min at 37°C. After washing with PBS, cells were lysed on ice for 10 min in 200 l of SDS lysis buffer containing protease inhibitors. Lysates were subjected to sonication on a Branson digital sonifier for 4 ϫ 30 s at 30% amplitude to shear DNA to lengths between 200 and 1000 base pairs. The lysates were cleared by centrifugation at 13,000 rpm for 10 min at 4°C. The lysates were then diluted 10-fold in ChIP dilution buffer, precleared with 75 l of Protein A-agarose/salmon sperm DNA (50% slurry), incubated with 5 g of antibodies overnight at 4°C with rotation, followed by addition of Protein A-agarose/salmon sperm DNA (50% slurry) for 1 h. The agarose beads were pelleted and washed at 4°C once in low salt/high salt/LiCl immune complex wash and twice in TE buffer. DNA was eluted twice with 250 l each of 1% SDS, 0.1 M NaHCO 3 and the cross-links were reversed by incubating with 20 l of 5 M NaCl for 4 h at 65°C. The DNA was purified by treatment with proteinase K (Sigma) for 1 h at 45°C, extracted with the ChIP DNA Clean and Concentrator kit (Zymo Research Corp., Irvine, CA). DNA was dissolved in Tris-HCl, pH 7.5, and amplified with ID4 promoter specific primers (forward, 5Ј-GACTCCCACTCAGCTCTCTT-3Ј and reverse, 5Ј-TGGAGTGGCCAGCCAATCA-3Ј) using the iQ SYBR Green Supermix on the CFX-96 TM Real-time System (Bio-Rad). Normalization was taken into account for differences in DNA input.
Quantitative RT-PCR-Total RNAs were extracted using the RNeasy Mini Kit (Qiagen, Inc., Valencia, CA) according to the manufacturer's specifications. From 1 g of each total RNA, 20 l of cDNA was synthesized using the Omni-Script RT kit (Qiagen). Amplification was performed using the CFX-96 Real-time System (Bio-Rad). Briefly, we amplified 1 l of cDNA from the reverse transcription reaction with 20 pmol of each primer in a total volume of 25 l using the iQ Supermixes (Bio-Rad) and the following conditions: initial denaturation step at 94°C for 3 min, followed by 40 cycles of 94°C for 10 s and 55°C for 30 s. The fluorescence was measured at the end of the annealing step at 55°C. Subsequently, a melting curve was recorded between 55 and 95°C every 0.5°C with a hold every 1 s. Samples were done in triplicate, and the values shown were normalized to their own GAPDH readings for quantitative purpose.
Immunoblot Analysis-Total cell lysates and nuclear and cytoplasmic extracts were prepared using the M-PER TM Mammalian Protein Extraction and the NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher), respectively, per the manufacturer's specifications. For total lysates, protein concentrations were determined using the Pierce Coomassie Plus Assay kit and 50 g of protein from each sample were resolved by SDS-gel electrophoresis and Western blot analysis with appropriate antibodies. Detection was carried out using the Odyssey Infrared Imaging System (LI-COR Biotechnology).
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